We hypothesized that the development and extinction of preferences for flavored foods paired with infusions of starch depends on the delay between food ingestion and starch administration and on the frequency of starch administration. To test this hypothesis, we divided 24 lambs into three groups of 8 lambs/ group. On even days, half of the lambs were offered chopped wheat straw flavored with a distinctive flavor, whereas the other half received straw with a different flavor. Starch (12% of the daily DE required by the lambs) was infused into the rumen immediately after lambs began to eat straw in Group 1 (150 g starch), immediately after lambs began to eat straw (75 g) and 30 min later (75 g) in Group 2, and when straw refusals were collected 1 h after lambs began to eat straw in Group 3 (150 g). On odd days, the flavors were switched and infusions of starch were replaced with water. After 8 d of conditioning, starch infusions were suspended, and lambs were offered a choice of wheat straw with the two distinctive flavors. All lambs acquired strong preferences for flavored straw paired with starch (P <
Introduction
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.001), but the delay between straw ingestion and starch infusion affected preferences (P < .05). Lambs that received starch 1 h after beginning to eat straw (Group 3) had lower preferences than lambs that received starch immediately after beginning to eat straw (Groups 1 and 2). Lambs that received two starch infusions (Group 2) did not show higher preferences for flavored straw than lambs that received only one starch infusion immediately after beginning to eat (Group 1). Lambs in our study retained preferences for at least 17 d when eating straw was no longer reinforced with starch (P < .001). However, preferences were less persistent for lambs that received starch immediately after beginning to eat straw (Group 1) than for lambs that received starch in two pulses (Group 2) or lambs that received starch 1 h after beginning to eat straw (Group 3). Collectively, our results support the hypothesis that the delay between food ingestion and starch administration affects food preferences of lambs. These findings suggest that manipulating the chemical characteristics of foods, which affects the kinetics of forage degradation in the rumen, can increase food preferences in ruminants. (Burritt and Provenza, 1992; Ralphs et al., 1995) or starch (Villalba and Provenza, 1997b) , and the preferences persist even when energy is no longer infused (i.e., during extinction trials; Villalba and Provenza, 1997b ). The energy supplied to the body is influenced by the rate of fermentation of feed in the rumen, which in turn depends on the composition of the diet, availability of nutrients, and activity of ruminal microbes (Van Soest, 1994; Illius and Jessop, 1996) . Soluble components such as sugars are fermented rapidly, whereas less soluble constituents such as cellulose and insoluble proteins are fermented more slowly and to a lesser extent than more soluble components (Merchen, 1988) . As forages mature, soluble constituents decrease and structural components increase, thereby decreasing forage digestibility and altering intake.
Intake is better correlated with the kinetics of fermentation in the rumen than with the extent of in vivo digestion (Hovell et al., 1986; Khazaal et al., 1995) . Conse-quently, it is likely that food preferences are affected by the rate of fermentation and energy release in the rumen. Our objectives were to determine 1) whether the same amount of starch infused into the rumen at different times during and after a meal of straw affected lambs' preferences for straw and 2) whether the persistence of starch-conditioned preferences for straw, after testing for several days without starch administration, was affected by the timing of starch infusion during conditioning.
Materials and Methods
Rambouillet-Columbia-Finn-Targhee crossbred wethers (n = 24; 39 kg BW) were individually penned at the Green Canyon Ecology Center at Utah State University in Logan. On a daily basis, lambs were given flavored straw at 0800; refusals were collected at 0900, and all animals received alfalfa pellets (1,600 g) at 1200. They had ad libitum access to fresh water and salt throughout the experiment.
Adaptation to Flavored Straw
On even days, all lambs were offered coconut-flavored wheat straw (1 to 2 cm particle size) at 0800. On odd days, the procedure was the same, but all lambs received onion-rather than coconut-flavored wheat straw. Coconut (Agrimerica, Northbrook, IL) and onion (Pacific Foods, Kent, WA) were mixed with straw at a concentration of 2%. Adaptation to flavored straw lasted 6 d (three even-and three odd-numbered days). Lambs ate 55 g/d (SEM = 5) of coconut-flavored straw and 32 g/d (SEM = 4) of onion-flavored straw during this conditioning period.
Initial Flavor Preference. After 6 d of adaptation to flavored straw, lambs were offered coconut-and onionflavored straws for 15 min, and preference for each flavor was determined. Lambs were then randomly assigned to three groups (n = 8/group) so that the groups were balanced according to flavor preference.
Conditioning
On even days, half of the lambs (n = 4/group) were offered coconut-flavored straw, and the other half (n = 4/group) were offered onion-flavored straw from 0800 until 0900. Starch was infused at different times to the different groups (Treatment 1). Lambs in Group 1 received a starch suspension by oral intubation immediately after they began to eat straw. Lambs in Group 2 also received 150 g of the starch suspension, but they received 75 g immediately after they began to eat straw and 75 g 30 min later. Lambs in Group 3 received 150 g of the starch suspension after refusals were collected at 0900. Starch suspensions were prepared using 300 mL of tap water at room temperature; 150 g of starch supplied 12% of the daily DE required by the lambs (NRC, 1985) . Lambs were fed 1,600 g of alfalfa pellets, which provided about 80% of their DE requirement (NRC, 1985) , at 1200 daily.
On odd days, straw was offered to all lambs, but the flavors were switched so lambs that received coconut-(onion-) flavored straw on even days received onion-(coconut-) flavored straw on odd days. During odd days, no starch was administered (Treatment 2). Instead only water was infused into the rumen in amounts and at times described for even days. The amount of straw offered on even days was equal to a lamb's intake of straw the previous day, which controlled for exposure to the flavored straw. Lambs consumed 101 g/d (SEM = 1) of flavored straw during even days and 97 g/d (SEM = 2) during odd days.
Preference Tests
Preference Test After Conditioning. After 8 d of conditioning (four even and four odd days), lambs received coconut-and onion-flavored straw simultaneously for 15 min. Intake and preference ([intake of flavored food/total intake] × 100) for each food was determined. No intraruminal infusions of starch or water were given during preference tests.
Barley Preloads. We gave barley preloads to determine whether preferences acquired for flavors paired with starch at different times of infusion were modified by an energy-dense meal. On two consecutive days, all lambs were fed 600 (d 1) and 800 g (d 2) of rolled barley, respectively, for 40 min before the preference test. Lambs consumed all 600 g of barley on d 1 and 757 g (SEM = 19) of barley on d 2.
Extinction Tests. Beginning on the day after the preload tests, lambs received coconut-and onion-flavored straw for 15 min at 0800 without infusions of starch or water. Extinction tests were conducted for 14 d. Preference for each flavored food was determined. Alfalfa pellets (1,600 g) were offered at 1200.
Statistical Analyses
Initial Flavor Preference. After stratifying by flavor preference and random assignment to the three groups, food intake and preference during the initial preference test was analyzed as a split-plot with lambs nested within groups. Group (1, 2, and 3) was the between-lamb factor and treatment to be applied during the following conditioning (1 [starch infusions] or 2 [water infusions]) was the within-lamb factor in the split-plot.
Preference Tests. Food preference was analyzed as a split-plot design. Group (1, 2, and 3) was the betweenlamb factor, and animals were nested within group. Treatment received during conditioning (infusions of starch or water) was the within-lamb factor in the analysis. Day was the repeated measure. When significant (P < .05) effects occurred, means were compared using the LSD test.
Results

Initial Flavor Preference
Lambs in Groups 1, 2, and 3 did not differ in initial preference for the flavors to be associated with starch Figure 1 . Mean (± SEM) preference for flavored straw paired with starch by three groups of lambs (n = 8/group) during preference tests conducted 1) after starch conditioning, and after ingesting 2) 600 g or 3) 757 g of rolled barley. During conditioning, starch was administered immediately after lambs began to eat the straw (150 g) (Group 1), immediately after lambs began to eat straw (75 g) and 30 min later (75 g) (Group 2), and 1 h after a meal of straw (150 g) (Group 3). Means for Groups 1 and 2 differ from Group 3 after conditioning (P < .05) and for Group 2 vs Group 3 after a 600-g preload of barley (P < .1).
(57, 50, and 51%) or water (43, 50, and 49%) during conditioning (P > .05; SEM = 21%). The same was true for intake of the flavors to be associated with starch (37, 37, and 37 g) or water (36, 36, and 36 g) during conditioning (P > .05; SEM = 16 g).
Preference Tests
Preference Test After Conditioning. All three groups of lambs strongly preferred the flavored straw paired with starch over the flavored straw paired with water (P < .001; Figure 1 ). Preference was higher for Groups 1 (immediate supply of starch) and 2 (supply of starch in two pulses at 30-min interval) than for Group 3 (supply of starch delayed 1 h) (P < .05; Figure 1) .
Intake of flavored straw paired with starch was higher than intake of flavored straw paired with water for Groups 1 (84 vs 14 g), 2 (73 vs 7 g), and 3 (65 vs 24 g) (P < .001; SEM = 8 g). Intake of flavored straw paired with starch was higher for Group 1 (84 g) than for Groups 2 (73 g; P < .1) and 3 (65 g; P < .05), whereas intake of flavored straw paired with water was higher for Group 3 (24 g) than for Group 2 (7 g) (P < .05) but not different from Group 1 (14 g) (P > .05) (SEM = 8 g).
Barley Preloads. Compared with trials after conditioning, preference for flavored straw decreased after lambs in Group 1 ate 600 g of barley (P < .1), but preference did not change for lambs in Groups 2 and 3 (Figure 1) . Preference for flavored straw did not change after lambs in Groups 1 and 2 ate 800 g of barley, but preference increased for lambs in Group 3 (P < .05).
Intake of flavored straw paired with starch decreased after preloads of 600 and 800 g of barley for lambs in Group 1 (from 84 to 53 and 48 g), Group 2 (from 73 to 43 and 38 g), and Group 3 (from 65 to 38 and 30 g) (P < .05; SEM = 8 g). Intake of flavored straw paired with water did not change for lambs in Groups 1 (from 14 to 15 g) and 2 (from 7 to 8 g), but it decreased for lambs in Group 3 after a meal of 800 g of barley (from 24 to 3 g; P < .001; SEM = 8 g).
Extinction
Tests. Lambs in Group 3 (delayed supply of starch) showed somewhat less preference for flavors previously paired with starch than lambs in Groups 1 (immediate supply of starch) and 2 (supply of starch in two pulses) during the first 5 d of testing (Figure 2) . After d 7, however, lambs in Group 1 showed less preference than lambs in Groups 2 and 3 (Figure 2 ), resulting in a treatment × group × day interaction (P < .05).
During the first 5 d of extinction tests, intake of flavored straw paired with starch was generally lower, and intake of flavored straw paired with water was generally higher for lambs in Group 3 than for those in Groups 1 and 2 (Table 1) . After d 7, however, intake of flavored straw paired with starch was lower but, most importantly, intake of flavored straw paired with water was higher for lambs in Group 1 than for lambs in Groups 2 and 3 (Table 1) .
Discussion
Preference Tests After Conditioning
Lambs acquired strong preferences for flavored straw paired with starch, which is consistent with previous Figure 2 . Preference for flavored straw by three groups of lambs (n = 8 lambs/group) during 14 d of testing during extinction (i.e., after cessation of starch conditioning). Table 1 . Intake of flavored straw (g) by three groups of lambs (n = 8/group) for 14 d after starch conditioning (extinction) Means within a row that lack a common superscript differ (LSD .1 = 11).
research (Villalba and Provenza, 1997b) , but the delay between straw ingestion and starch infusion affected preferences. Lambs that received starch 1 h after beginning to eat straw (Group 3) had lower preferences than lambs that received starch immediately after beginning to eat straw (Groups 1 and 2). The strength of behavioral responses depends on the temporal delay between the conditioned stimulus (taste in our study) and the reinforcer (starch in our study). Shorter delays condition stronger preferences (Mackintosh, 1983; Mazur, 1994) , but conditioning with long delays is possible, especially with food aversions (rats: Revusky and Garcia, 1970; sheep: Burritt and Provenza, 1991) and preferences (rats: Elizalde and Sclafani, 1988; Capaldi and Sheffer, 1992) . We have now demonstrated that sheep (Group 3) acquire flavor preferences with delayed reinforcement. The ability to acquire flavor preferences with delayed nutrient reinforcement is important because in the process of eating there is always a temporal delay between the orosensory experience and the postingestive effects of foods (Provenza, 1995a; Sclafani, 1995) . Preferences for flavors associated with delayed postingestive effects seem to be stronger when nutrients are infused intragastrically, and thus bypass the oral cavity (Sclafani et al., 1998) , than when they are ingested (Simbayi et al., 1986) .
The shorter the delay between food ingestion and postingestive feedback, the stronger the preference (Figure  1) , which is why nonstructural carbohydrates that are rapidly digested in the rumen condition strong food preference (Michell, 1973; Dove, 1996) . Cattle, sheep, and goats prefer tall fescue and alfalfa harvested in the afternoon to that harvested in the morning, evidently because of higher soluble carbohydrate concentrations (Fisher et al., 1997 (Fisher et al., , 1999 . Sheep prefer plant parts high in soluble carbohydrates (Simpson and Dove, 1994) , which lead to improved efficiency of microbial protein synthesis and increased organic matter intake (Dove and Milne, 1994) . Foods high in soluble carbohydrates produce high ratios of propionate:acetate in the rumen (Dove and Milne, 1994) , and sheep acquire stronger preferences for flavors paired with infusions of higher propionate:acetate ratios (Villalba and Provenza, 1997a) .
Forage fractions digest at two generally different rates (constants a and b of Orskov and McDonald, 1979) , both of which are likely to condition preferences in ruminants. The soluble fraction digests quickly (constant a) and results in short delays between food ingestion and postingestive effects, which condition strong preferences, as illustrated by lambs in Groups 1 and 2. The structural fraction digests more slowly (constant b) and causes delayed feedback, which is likely to condition weaker but still significant preferences, as illustrated by lambs in Group 3. Although still undetermined for food preference, intake seems to be better correlated with the kinetics of digestion (i.e., constants a + b) than with the extent of in vivo digestion (Hovell et al., 1986; Khazaal et al., 1995) . Collectively, these findings demonstrate that the dynamics of carbohydrate digestion play an important role in food preferences and intake of ruminants.
Rates of reinforcement affect behavior, and the greater the rate of reinforcement, the greater the likelihood a behavior will continue (Mazur, 1994) . Thus, we speculated that supplying readily fermentable carbohydrates at the beginning of a meal (75 g) and 30 min later (75 g) would cause stronger preferences than a single dose of carbohydrates (150 g) at the beginning of the meal. However, lambs that received two starch infusions (Group 2) did not show higher preferences for flavored straw than lambs that received only one starch infusion immediately after beginning to eat (Group 1). The amount of starch (150 g), supplied immediately or over the course of a 1-h meal, caused equally strong preferences in both groups of lambs.
Preloads of Barley
Intake of flavored straw paired with starch decreased markedly after preloads of 600 and 800 g of barley for lambs in all three groups, but preferences were not greatly affected by the preloads. All lambs still preferred straw paired with starch rather than straw paired with water. Preferences for starch did not change after a preload of 800 g of barley, and adaptation to barley the day before may have contributed to this effect. After eating 600 g of barley, preferences for starch decreased slightly for lambs in Group 1 but not for lambs in Groups 2 or 3. During conditioning, lambs in Group 1 received a higher dose of energy (150 g of starch) immediately after beginning to eat straw, which may have attenuated their preference for straw following the energy-dense meal of barley, as shown in other studies (Villalba and Provenza, 1999) . Repeated exposure can depress preference to a greater extent if a food is high in rapidly digestible carbohydrates (Early and Provenza, 1998) because an excess of rapidly fermentable substrates conditions transient aversions (Provenza, 1995a (Provenza, , 1996 Villalba and Provenza, 1997a) .
It is likely that lambs' preference for flavored straw paired with starch would have been depressed to a greater extent if they had received more energy-rich infusions during conditioning. Conditioned flavor preferences depend on an animal's nutritional status during conditioning (Gibson and Booth, 1989) and on the energy density of the infusion; higher concentrations of carbohydrates condition lower intakes of carbohydrate-paired flavors, presumably because besides conditioning a preference, denser energy infusions also condition satiety (Ramirez, 1997) . For instance, people given flavored, medium-and low-carbohydrate snacks prefer the flavor paired with low-carbohydrate snacks when satiated but not when food-deprived (Booth and Toase, 1983) .
Extinction
Lambs in our study retained preferences when straw ingestion was no longer reinforced with starch, as shown previously for laboratory animals (Elizalde and Sclafani, 1990; Mehiel, 1991; Drucker et al., 1994) and sheep Provenza, 1996, 1997b) . Thus, conditioning with energy promotes persistent changes in food preference (Sclafani, 1995) , and our results suggest that the persistence of the preference depends on conditioning history (Figure 2 ).
Preferences were less persistent when lambs received starch immediately after beginning to eat straw (Group 1) than when they received starch in two pulses (Group 2) or 1 h after beginning to eat straw (Group 3). Delayed reinforcement (Groups 2 and 3) increases resistance to extinction (Capaldi and Bowen, 1964; Tombaugh, 1966) . Resistance to extinction is also higher when animals are not reinforced immediately during behavior acquisition (Group 3) than when they are reinforced after each response (Groups 1 and 2) (Amsel, 1972; Capaldi, 1971) .
Changes in conditions during acquisition and extinction of a behavior also affect resistance to extinction of a response (Tombaugh, 1970) . In our experiment, the conditions during extinction changed more abruptly for lambs in Group 1-from an immediate supply of starch to cessation of starch administration-than for lambs in Groups 2 and 3-from a delayed supply of starch to cessation of starch administration.
Lambs in Groups 1 and 2 developed comparable preferences for flavored straw, but preferences diminished more slowly for lambs in Group 2 that received starch in two pulses. Thus, foods that supply high amounts of both rapidly and slowly fermentable substrates (a + b fractions) are likely to be highly preferred, and preferences are likely to persist, even when concentrations of rapidly fermentable substrates decline (e.g., due to plant maturity). Preferences may diminish faster as the proportion of rapidly (nonstructural fraction) to slowly (structural fraction) fermentable substrate in a food increases. In contrast, preferences for plants with high concentrations of slowly fermentable substrates (e.g., fermentable cell walls) may diminish more slowly.
Implications
The response of lambs to starch infusions at different times after eating indicates that the dynamics of carbohydrate release affect food preference. Lambs showed different degrees of preference for flavors paired with starch infusions, even though the total amount of energy supplied during conditioning was the same for all lambs (150 g of starch). Thus, the kinetics of digestion (i.e., concentrations of soluble and structural carbohydrates) in foods and forages, even when digestibility remains constant, seems to affect food preference. This information is relevant to breeding programs attempting to develop forages of high preference and intake. For instance, rapid feedback from readily fermented substrates can enhance preferences and increase the acceptance of forages. Delayed feedback from slowly fermented substrates can extend the period of retention of preferences once nutritional quality declines, for example, due to plant maturity.
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